We consider the problem of the computer-aided construction of geometrical optics electromagnetic wave propagation paths (ray tracing). We indicate the disadvantages of widely applied Shooting and Bouncing Rays method. We also provide the examples of its software implementation. As opposed to the employed approaches, the method and the algorithm synthesized on its basis are introduced for the reflected ray tracing where the search process is implemented faster and there are no disadvantages inherent in their common counterparts.
Introduction
The geometrical optics (GO) is one of the actively developed areas of electrodynamics [1] [2] [3] . GO, together with the diffraction theory, makes the mathematical apparatus alternative to the grid methods of solution of the electrodynamics tasks in the analysis of the electrically big objects. The main advantage of GO method, as compared with the grid ones, is the minimum of the calculations required, and, therefore, less time needed for the simulation procedures.
In general, simulation by GO method can be divided into two conditionally independent stages: ray tracing and calculation of the field parameters (intensity, power, etc.) referring to the already known ray paths.
The common studies emphasize determining the field parameters, while the problem of the ray tracing is not even considered, generally. However, for field simulation, especially for the computer-aided modeling applying GO [4] [5] [6] , the ray tracing is necessary. Thus, our research appears to be of obvious importance.
In Wireless Insite, the Shooting and Bouncing Ray (SBR) method, as well as Eigenray method, is used for ray tracing. The first approach is based on the synthesis (launching) of the large number of rays from one source at discrete angles to each other, with subsequent path tracing of each one of them. The second approach is based on the Fermat's principle of the least time [5] , according to which from all the possible paths between the two points light chooses to pass that path where propagation time is the least one [7] . Most likely, this method can be reduced to the solution of the vector equations presented in [8] . More significantly, Eigenray method has a restriction of 3 reflections only, against 30 reflections allowed by SBR method. Such severe limitations make the Eigenray method applicability in complex projects problematic. The results of the simulation conducted by means of SBR show a number of tracing errors, namely: 1) along the shadow boundary we can see the field depression caused by the "loss" of the direct ray; 2) within the area of the reflected rays there are dips and surges in some points. Thus, the problem of simulation of radio-wave propagation processes has not been completely solved. This motivates researchers to develop the particular ray models [9, 10] , which do not allows to solve a wide range of applied tasks yet. Our goal is to offer the alternative method that is based on the geometrical solution and reduces a number of the necessary calculations considerably.
The Fast Reflected Ray Tracing Method
In this paper the method for the reflected ray tracing is introduced without use of "trial launch". The initial data for the specified method are coordinates of transmitting and receiving antennas together with the project geometry.
Thus, the problem statement includes the following tasks: 1. To determine whether in the specified geometry there are broken paths with the predetermined reflections number for which the starting and the end points are transmitting and receiving antennas (further we will refer to them as transmitter and receiver for short), respectively, while all the vertexes lie on the surface of geometrical objects and all the adjacent rays comply with the Snell's first law in their reference to the particular object (i.e., the angle of incidence equals the angle of reflection [7] ).
2. To determine the coordinates of all the reflection points for each of the existing paths.
We demonstrate the solution of the assigned task in terms of the elementary example of the flat surface (obstruction) reflection (A in Fig. 1 ). It is obvious that reflection occurs only if the transmitter and the receiver are situated on the one side from the obstruction. This is a necessary condition for the reflected ray existence. It is true for both infinite, and finite obstructions. In Fig. 1 at the fixed position of transmitter Tx, the condition is met for the receivers Rx2 and Rx3, and it is not met for the Rx1 receiver.
For the final determination of the reflection points positions, it is sufficient, for each receiver-transmitter complex, to construct the two rectangular similar triangles with the mutual vertex at the R2 reflection point (for the case of Tx-Rx2), with the hypotenuses located on the ray path ( Fig. 1 : ∆TxR2Txo and ∆Rx2R2Rx2o). By means of the analytical geometry, the solution for the specified task is reduced to the solution of the equation r s r s × − = ′ × :
are the components of the s normal unit vector to the obstruction, ( )
β′ α′ , , are the components of the vectors r and r′ of the incident (TxR2 in Fig. 1 ) and the reflected (R2Rx2 in Fig. 1 ) rays [8] . The vectors coordinates are determined as Here it is presupposed that ( ) are the unknown data. However, the simpler solution can be obtained, if we take into account that the front of the wave reflected from the object is identical to the front of the wave from the imaginary transmitter mirroring the initial one relative to this object ( x T ′ Fig. 1) . That is described, for example, in [2, 7] . The sections connecting the imaginary transmitter x T ′ and the Rx1, Rx2, Rx3 receivers determine the reflection point which coincide with the cross points of the specified sections and the object. As can be seen from Fig. 1 , the obstruction A does not cut the 1 Rx x T ′ ray, and therefore, there is no reflected ray in this case, as it has been already determined above. Besides, the object A does not have the cross point with the 3 Rx x T ′ ray (the cross point of the straight a and the ray 3 3 R Rx x T − ′ lies outside of the object A). Only the R2 cross point of the straight a and the ray 2 Rx x T ′ belongs to the obstruction A.
Thus, in order to calculate the position of the point where the ray reflects from the designated obstruction, while propagating between the specified transmitter and receiver, it is necessary to carry out the following operations:
1. To calculate the position of the imaginary transmitter. 2. To calculate the position of the cross point between the ray propagating from the imaginary transmitter to the receiver and the straight line that the considered obstruction is situated.
3. To test whether the cross point belongs to the obstruction. If the cross point belongs to the obstruction, then the reflection occurs.
With the help of the presented method, the domain boundaries can be determined where the reflected ray is received in the presence of the specified obstruction and the transmitter. Determining the reflection shadow region is carried out the same way as determining direct rays shadow region, namely, it is necessary to draw straight lines through the transmitter and the object edges, but instead of the real transmitter we use its mirror copy here [9] (Fig. 2) . The main advantage of the presented method is a considerable simplification of the tracing algorithms. There is no need to construct a plethora of rays as in SBR method, or to solve the combined equations of increasing complexity, as in Eigenray method. As a result, we have a gain time for calculations. The advantages of the introduced method are particularly evident in the ray tracing with multiple reflection.
Let us consider the propagation of the reflected rays from the transmitter to the receiver situated between two infinite obstructions a and b (Fig. 3) . The transmitter is located in the zero point of the internal coordinate system in between the two obstructions, while the receiver is located in 60 meters from the transmitter and is also equidistant between these obstructions. The positions for all initial date and results are shown in Table. The method of construction of the reflected rays is implemented as follows. We choose the obstruction, the reflected ray from which is sought (straight line a in Fig. 3 ). We plot the point which is the mirror symmetric one to the transmitter relative to the chosen obstruction (point 1 in Fig. 3 , which is basically an imaginary mirror transmitter). By connecting the point 1 and the receiver, we find the reflection point at the crossing of the specified segment and the barrier (R1 in Fig. 3) . Further, we choose the barrier for the second reflection (straight line b in Fig. 3) . We plot the mirror reflection of the point 1 concerning the straight line b (point 2 in Fig. 3 , which is the imaginary mirror transmitter of the second order). By connecting the point 2 and the receiver, we find the point of the second reflection at the crossing of the specified segment and the barrier b (R22 in Fig. 3) . Similarly, by connecting the points R2 2 and 1, we find the point of the first reflection (point R2 1 in Fig. 3 ) at the crossing with the barrier a. In order to construct the paths of the reflected rays of the higher order, it is sufficient to continue the construction of the mirror points at the chosen sequence of the reflecting surfaces (a-b-a-b) up to the appropriate number, subsequently determining the cross points of the barriers and the auxiliary segments. Table 1 . Positions of the points in Figure 3 . is substituted for b-a-b-a …). It should also be noted that if at least 1 point of the constructed path is situated outside its obstruction, then such path does not exist. The introduced method can be modified in the following ways: 1) by plotting the mirror reflections of the receiver instead of the mirror reflections of the transmitter; 2) by sharing the mirror reflections of the receiver and the transmitter. In the first case, the algorithm is completely identical to the presented above, with the inversion of the reflecting surfaces consecution (a-b-a-b is changed by b-a-b-a for the case depicted in Fig. 3, insertion 1 ) and with the direct sequence employed for the reflection points determining, i.e., firstly, the R4 1 point is found, then it helps to find the R4 2 point and so on, up to the R4 N point. In the second case, in order to construct the path with N reflections, we should plot M mirror points for the transmitter and L mirror points for the receiver, so that
. And for the transmitter, the consecution of the reflection surfaces is direct (a-b-a-b) , while for the receiver such consecution is inverse (b-a-b-a) . In the example provided in Fig. 3, insertion 2 , the imaginary mirror transmitter and the receiver of the second order are applied. The first auxiliary segment (segment 2-3 in insertion 2) allows us to determine L-th and ( ) M N − -th reflection points (R4 2 and R4 3 in this example).
Conclusion
The method of the fast ray tracing proposed in the present paper can be applied for the numerical solution of the electrodynamics problems, especially when calculating the radio-wave propagation by means of computer-aided design systems. This method is based on the idea of the imaginary transmitters constructing. It is applicable not only for the two-dimensional objects, but also for the 3D tasks. Its main advantage is the computational simplicity and the algorithms it provides. The further development of the introduced method requires clarification of a number of technical questions. Thus, it is necessary to develop a technique for the determination of the rays' behavior after diffraction and to develop a similar method for the calculation of the refracted ray paths. The final goal is to design the algorithm for the total ray tracing, capable of reconstructing the paths between the transmitter and the receiver with a certain set of obstructions specified.
The software implementation of the suggested algorithms is of great interest for the wide range of tasks employing automatic calculation of the radio-wave propagation, including the problems of radio communication design, as well as base station coverage determining, radiomonitoring, E-field radiation evaluation, etc.
On the other hand, GO theory and some other branches of ray optics have not revealed their full potential in applied engineering yet, as there is no clear definition for the borders of their applicability. But, at the current stage of the electronic devices and wireless communications implementation, further development of this theory is obviously reasonable.
